Resveratrol, a natural polyphenolic compound, is found in various kinds of fruits, plants, and their commercial products such as red wine. It has been demonstrated to exhibit a variety of health-promoting effects including prevention and/or treatment of cardiovascular diseases, inflammation, diabetes, neurodegeneration, aging, and cancer. Cellular defensive properties of resveratrol can be explained through its ability of either directly neutralizing reactive oxygen species/reactive nitrogen species (ROS/RNS) or indirectly upregulating the expression of cellular defensive genes. As a direct antioxidant agent, resveratrol scavenges diverse ROS/RNS as well as secondary organic radicals with mechanisms of hydrogen atom transfer and sequential proton loss electron transfer, thereby protecting cellular biomolecules from oxidative damage. Resveratrol also enhances the expression of various antioxidant defensive enzymes such as heme oxygenase 1, catalase, glutathione peroxidase, and superoxide dismutase as well as the induction of glutathione level responsible for maintaining the cellular redox balance. Such defenses could be achieved by regulating various signaling pathways including sirtuin 1, nuclear factor-erythroid 2-related factor 2 and nuclear factor jB. This review provides current understanding and information on the role of resveratrol in cellular defense system against oxidative stress.
Introduction
Resveratrol (3, 4 0 ,5-trihydroxystilbene) is a phytoalexin present in a wide variety of plants such as grapes, plums, berries and peanuts in response to several harmful environmental stimuli including ultraviolet (UV) radiation, chemical toxins, fungi, and bacteria infections. Resveratrol is also found in many commercial products such as grape juice and red wine with relatively high concentration [1] . Resveratrol content in fresh grape skins is 50-100 mg per gram and about 0.2-5.8 mg/L wine depending upon different kinds of wine [2] . Resveratrol exists in two forms including cis-and trans-isomers (Fig. 1) . Cis-resveratrol is less common and very unstable while trans-resveratrol is more predominant and stable isomeric form and can be conversed to cisresveratrol by exposure to sunlight or UV radiation [3] . In human, resveratrol is rapidly absorbed with the plasma resveratrol concentration peaking about 30 min after oral consumption and about 70-75% of the absorption is through transepithelial diffusion [4] . Although rapidly absorbed, systemic bioavailability of resveratrol is less than 1%. Glucuronidation and sulfation in both intestine and liver are believed to be major metabolic pathways of resveratrol, which contributes to limitation of resveratrol's bioavailability [5] [6] [7] .
Resveratrol has been attracting a great attention of scientists because it is associated with a phenomenon, called the "French paradox" [2] . This term is used to describe the observation that French population has a low incidence of suffering cardiovascular diseases despite of their high fat consumption. The uptake of resveratrol-containing wine may be an explanation for this phenomenon. Resveratrol has been shown to exhibit a variety of health-promoting effects as well as prevention of many diseases such as cardiovascular diseases, diabetes, aging, neurodegeneration, and cancer [8] . Cellular defensive properties of resveratrol might explain its health benefits. In this review, we summarize the reported cellular defensive mechanisms of resveratrol, in particular its direct and indirect antioxidant defense mechanisms, which contributes to health benefits.
Characteristics of ROS and RNS
Reactive oxygen species/reactive nitrogen species (ROS/RNS) include both free radicals and nonfree radicals such as superoxide anion (O also encountered [9, 10] . ROS/RNS can be formed via several sources, including endogenous sources such as mitochondria, peroxisomes, NADPH oxidases, xanthine oxidases, lipoxygenase, cyclooxygenase and cytochrome P450, as well as exogenous sources including UV radiation, pollutants, toxins, and drugs [9, 11] . Superoxide anion is regarded as a primary ROS and can interact with neighboring molecules to form another ROSs [12] . It is a poorer reactive species than other free radicals and cannot freely cross biological membranes due to being a charged species but can be transported via anion channels [13] . Superoxide anion can be transformed to much less reactive hydrogen peroxide through the spontaneous dismutation reaction. Additionally, the oxidases such as amino acid oxidase, xanthine oxidase, glucose oxidase, and urate oxidase may also directly produce hydrogen peroxide [14] . An important property of hydrogen peroxide is highly diffusible and able to penetrate plasma membrane freely, resulting in the rapid distribution of hydrogen peroxide before discomposing [15] .
In the presence of chloride anion, myeloperoxidase in macrophages and neutrophils is responsible for catalytic conversion of hydrogen peroxide into hypochlorous acid, capable of oxidizing biomolecules such as lipids, proteoglycans, and amino acids and particularly oxidative chlorination on thiol groups of membrane proteins [16] . Hydrogen peroxide is able to generate hydroxyl radical through the interaction with ions of transition metals such as iron and copper (Fenton reaction) [17] . Direct reaction of superoxide and hydrogen peroxide produce hydroxyl radical by Haber-
. It may also be generated by multiple pathways, including the decomposition of water by ion radiation and photolytic decomposition of alkyl hydroperoxides. Hydroxyl radical has been well known as the most powerful oxidizing radical that directly affects almost all biomolecules such as lipids, proteins, nucleic acids, amino acids, and sugars [15, 17] . Nitric oxide is biosynthesized by nitric oxide synthase class through metabolizing arginine to citrulline in the presence of oxygen and NADPH or by reduction of inorganic nitrate. Nitric oxide can be excreted by phagocytes such as monocytes, macrophages, and neutrophils and regarded as a mediator of immune system [14] . Due to dissolving in both aqueous and lipid media, nitric oxide can readily penetrate the plasma membranes and acts a relatively long distance from its formation site [18] . Of the most important rout of nitric oxide degradation in physiological conditions is the reaction with superoxide anion to generate peroxynitrite (ONOO 2 ), the more highly reactive nitrogen species. Peroxynitrite is a strongly stable oxidant that can directly attack electron-rich groups such as sulfhydryls, iron-sulfur centers, and zinc-thiolates [19] . It can be converted into hydroxyl radical in independent manner of transition metals [20] . Peroxynitrous acid (ONOOH, the protonated form of peroxynitrite) also has a strong oxidizing potential, which causes oxidative damages on most biomolecules [14, 15, 17] . ROS and RNS play a dual role in both health and disease. ROS/RNS at low or moderate concentrations vitally contribute to maintaining normal functions of human health such as pressure regulation, neurotransmission, and immune response. However, uncontrolled and excessive production of ROS/RNS that is described as oxidative/nitrosative stress can cause serious alterations in the structure and function of cellular biomolecules [22] . Although cellular antioxidant defense mechanisms are present to protect cells against oxidative/ nitrosative stress and maintain "redox homeostasis", a massive amount of ROS/RNS can generate damage of the macromolecules and loss of antioxidant defense, eventually causing apoptotic cell death or necrosis [23] . The damage of biomolecules by oxidative/nitrosative stress can also lead to development of multiple acute and chronic human diseases [17, 24, 25] .
Direct antioxidant defense mechanisms of resveratrol

Scavenging mechanisms of resveratrol
Resveratrol has been demonstrated to be a very effective scavenger of a variety of oxidants including superoxide anion, hydrogen peroxide, hydroxyl radical, singlet oxygen, nitrogen oxide, and peroxynitrite (Fig. 2) . Antioxidant properties of resveratrol is associated to the presence of phenolic rings with three hydroxyl groups in positions 3, 4 0 , and 5, and conjugated double bond, as well as potential for electron delocalization in the structural molecule. 4 0 -Hydroxyl group is more essential for radical scavenging activity of resveratrol but it acts synergistically with 3-and 5-hydroxyl groups [26] . Hydrogen atom transfer (HAT) and sequential proton loss electron transfer (SPLET) processes are major mechanisms responsible for the radical-scavenging activity of resveratrol (Fig. 3 ) [27] [28] [29] . Studies on crystal structure and ab initio calculations show that dynamic flip-flop motion of hydroxyl groups results in alternative formation and breaking H bonds with each of neighboring phenolic oxygens, suggesting the transfer of up to three hydroxyl hydrogen atom. Additionally, energy for OAH bond dissociation in the para position is lower than that in meta position, thereby the removal of hydrogen atom from the para-4 0 -OH group is highly easier [30] . It has been well-known that electron withdrawing substituents such as phenyl group, para-CH@CH-phenol group increases the acidity of the hydroxyl hydrogen atom and decreases bond dissociation energy of the phenolic OAH bond, contributing to scavenging activity of resveratrol [30] [31] [32] . Proton abstraction from 4 0 -OH produces phenolate anion, which easily transfers electron to radicals to form phenoxyl radicals [27] . Radical scavenging activity of resveratrol via HAT and SPLET mechanisms results in the generation of phenoxyl radical that can delocalize the unpaired electron on the whole molecule to produce semiquinones. Resveratrol radical containing unpaired electron in the 4-position close to 3-and 5-hydroxyl groups is the most stable resonance form, finally leading to resveratrol-quinone structure [33] . Additionally, the combination of intermediate semiquinones, followed by the tautomeric rearrangement, and intracellular nucleophilic attack to the intermediate quinone, produces the dihydrofuran dimer [27] . Using the Fenton reaction as a source of •OH radicals, resveratrol has been demonstrated to be an effective scavenger of •OH in phosphate-buffered saline solution [34] . In addition, scavenging of O 2 in a nonenzymatic system (potassium superoxide (KO 2 ) as a source of superoxide) [35] . More importantly, resveratrol exhibited a higher scavenging activity when the xanthine/xanthine oxidase was used to produce O •2 2 . The difference in the resveratrol's ability in these two systems suggests the fact that resveratrol exerts dual properties including superoxide-scavenging activity and inhibition of xanthine oxidase-mediated O •2 2 production [35] . In the cell-free system, resveratrol has a H 2 O 2 -scavenging activity but less effective than standard compounds such as butylated hydroxytoluene (BHT), butylated hydroxyanisole (BHA), a-tocopherol, and trolox [28] . Resveratrol also acts as a scavenger of NO [36] . NO-scavenging capacity of resveratrol is greater than that of catechin, epicatechin, epigallocatechin gallate, kaempferol, and myricentin but lower than that of trolox, uric acid and caffeine acid [37] . Furthermore, resveratrol directly eliminates peroxynitrite in cell-free system, and thereby suppresses the nitration of bovine serum albumin more effectively than N-acetyl-L-cysteine [38] .
The presence of transition metals such as iron and copper in a system can increase the rate of oxidation through the production of hydroxyl radical by Fenton reaction. Thus, chelated transition metal ion can lose its pro-oxidant properties and thereby abolishing metal-induced oxidation [28] . Resveratrol has been indicated to exert chelating activity by binding with the metal ions to prevent the excessive generation of hydroxyl radical and further oxidative process [39] . Hydroxyl function groups at 3-and 5-position of resveratrol are responsible for binding ferrous ions. Two resveratrol molecules chelate a ferrous ion to form ferrous-resveratrol complex [28, 40] . Resveratrol's chelating activity on ferrous ion was comparable to meatal ion chelators such as ethylenediaminetetraacetic acid (EDTA), BHA, BHT and a-tocopherol [28] . It also can chelate copper ion to prevent oxidative stress-associated damages [41, 42] . The spatial hydroxyl groups in trans-resveratrol are more favorable to chelate copper than those in the cis-resveratrol [43] .
Reduction of ROS/RNS production by resveratrol
Along with the ROS/RNS scavenging activity, the inhibition of ROS/RNS production by intracellular systems also contributes to the antioxidant properties of resveratrol (Fig. 2) . Activation of NADPH oxidase produces increased level of oxidative stress in several experimental models. Tumor necrosis factor-alpha (TNF-a) treatment increases NADPH oxidase activity, ROS/RNS generation, and oxidative damages in the coronary arterioles in type 2 diabetes [44] . Resveratrol blocks ROS formation from NADPH oxidase system through the down-regulated expression of NADPH oxidase 1 (NOX1), NOX2, NOX4, p22phox, and p47phox as well as suppression of activity of NADPH oxidase complex [45] . Treatment of trans-resveratrol abolishes the activity of vascular NADPH oxidase and subsequently decreases the cellular superoxide anion generation [46] . Reduced superoxide anion production suggests to decrease its reaction with NO, consequently preventing peroxynitrite generation.
Illustration of ROS/RNS production and resveratrol antioxidant potential. ROS: reactive oxygen species; RNS: reactive nitrogen species; SOD: superoxide dismutase; CAT: catalase; GPx: glutathione peroxidase; GR: glutathione reductase; MPO: myeloperoxidase; iNOS: inducible nitric oxide synthase; O 2 : oxygen; O carbonate anion; HClO: hypochlorous acid; GSH: glutathione; GSSG: glutathione disulfide. ROS/RNS can be formed by endogenous and exogenous sources. Excessive ROS/RNS lead to oxidative/nitosative damages of cellular biomolecules such as proteins, lipid, and DNA and subsequently cause a wide range of diseases including cardiovascular disease, neurodegenerative disease, diabetes, ageing, and cancer. Resveratrol can inhibite ROS/RNS production, scavenge and eliminate ROS/RNA accumulation, and suppress oxidative/nitrosative biomolecule damange, thus preventing risks of pathogenesis.
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Increased ROS levels in the mitochondria are due to reduced mitochondrial metabolisms, thus stimulation of mitochondrial biogenesis that increases individual mitochondrial mass and reduces the flow of electrons per unit of mitochondria leads to attenuation of mitochondrial ROS generation [47, 48] . Resveratrol has been indicated to enhance mitochondrial biogenesis, and thereby inhibiting ROS production. Cultured human coronary arterial endothelial cells exhibited the elevated levels of mitochondrial mass and mitochondrial DNA content, protein expression of electron transport chain constituents, and mitochondrial biogenesis factors in the presence of resveratrol [49] .
Resveratrol and lipid peroxidation
Lipid peroxidation is one of the universal phenomenon in the cell and tissue damages, leading to a wide range of diseases such as inflammation, cardiovascular disease, and cancer. ROS/RNS such as O [50, 51] . Metabolic reaction of enzymes including cytochrome P450s, cyclooxygenases and lipoxygenases on polyunsaturated fatty acids can provide a rich source of LOOH [52] . Peroxidation of lipids is a chain-reaction process including initiation, propagation and termination. A variety of reactive aldehydes are produced during the peroxidative decomposition of fatty acids, mainly malondialdehyde (MDA) and 4-hydroxy-2-nonenal (HNE), which can be detected in the plasma and urine as an indirect index of oxidative/nitrosative stress [53] [54] [55] . The lipid peroxidation-derived aldehydes are highly stable and easily diffuse across membranes to attack various biomolecules far from the site of their formation, and thereby causing mutagenesis, carcinogenesis, functional loss and eventually contributing to the pathogenesis diseases [10, 17, 30, 51] . However, ROS/RNS scavenging and/or chelation of transition metal ions by antioxidants can inhibit initiation of lipid peroxidation. Also, the chain-breaking antioxidants play a crucial role in the inhibition of process of lipid peroxidation by scavenging the lipid peroxyl radicals and converting to them into less reactive radicals (Fig. 2) . Trans-resveratrol has been found to suppress lipid peroxidation much more effectively than vitamins E and C through scavenging lipid peroxyl radicals [56] . Both transresveratrol and cis-resveratrol exhibited inhibitory effect on the lipid peroxidation in rat liver microsomes and in tert-butylhydroperoxide-treated normal human fibroblasts [26] . Resveratrol has been documented to reduce ROS/RNS and prevent the low-density lipoprotein (LDL) oxidation [57, 58] . Transresveratrol has been found to exhibit the inhibition effect on the Fe 21 -induced lipid peroxidation in microsomes and Cu 21 -catalyzed peroxidation of LDL, and its activity is more powerful than cis-resveratrol's [59] . In addition, resveratrol has been shown to prevent peroxynitrite-induced LDL apoprotein oxidative modifications through donating hydrogen to generate phenoxyl redicals that can interact together giving a mixture of resveratrol dimers [60, 61] . Epidemiological study has shown the association between moderate intake of red wine rich in resveratrol and decreased level of lipid peroxidation as well as reduced risk of cardiovascular diseases in healthy men [62] .
Along with a great radical-scavenging activity on primary radicals and lipid radicals by para-hydroxyl groups, the spatial position of hydroxyl groups of resveratrol has been demonstrated to be likely to chelate copper, thereby preventing copper-catalyzed oxidative modification of LDL because of a high affinity of LDL to copper [63, 64] . Inhibitory property of resveratrol on Fe 21 -induced LDL oxidation has been suggested mainly due to its ability to scavenge the lipid radicals rather Possible radical scavenging mechanisms of resveratrol (Modified from [27, 28] ). HAT: Hydrogen atom transfer; SPLET: Sequential proton loss electron transfer; R• : Radical species. FIG 3 than its chelating ability [57, 64] . The efficacy of antioxidants probably depends on their concentration in the area of oxidation and cell type.
Various enzymatic systems including NADPH-dependent oxidase, hypoxanthine/xanthine oxidase (HX/XO), 15-lipoxygenase (15-LO), myeloperoxidase (MPO), and nitric oxide synthases (NOSs) present in many type of cells are involved in oxidation of LDL [65] . Resveratrol has been shown to exert inhibitory effects on these enzyme systems, contributing to decreasing the levels of intracellular ROS/RNS as well as lipid peroxidation. For example, resveratrol has been demonstrated to be a potent inhibitor of the dioxygenase activity of 5-LO and 15-LO that produce various proinflammatory products in the arachidonate metabolism, indicating blocking activity on oxidative modification of LDL [66, 67] .
Resveratrol reduces the level of MDA, a major product of lipid peroxidation, during oxidative damage in erythrocytes of different age groups in humans, suggesting protection of resveratrol against oxidation of membrane lipid peroxidation [68] . Schmatz et al. indicated inhibitory effect of resveratrol on lipid peroxidation in liver and kidney of streptozotocin (STZ)-induced diabetic rats [69] . Chronic administration of ethanol can lead to oxidative damage in lipid membrane as reflected by MDA formation, which is suppressed by resveratrol dietary supplementation [70] .
Resveratrol and protein oxidation
Proteins are susceptible to direct and/or indirect attack of ROS/RNS due to their abundant presence in cells, plasma, and tissues, and their rapid reaction with various radicals and oxidants [71] . Protein oxidation is triggered by a variety of agents such as excessive ROS/RNS, transition metal ions such as Fe 21 or Cu 1 , UV radiation, products of lipid peroxidation, and drugs, contributing to development of many diseases including diabetes, hypertension, and atherosclerosis [72] [73] [74] . The attack of ROS/RNS to amino acid side chains of lysine, arginine, proline and histidine leads to formation of protein carbonyls (PCO), which has been well-known as an early marker of oxidative protein damage [75, 76] . Proteins rich in cysteine and methionine moieties containing susceptible sulfur atoms are oxidized in the presence of ROS/RNS, leading to the formation of disulfide bonds, mixed disulfides, and thiol radicals in the case of cysteine oxidation and methionine sulfoxide in the case of methionine oxidation [77, 78] . HOCl-exposed proteins containing tyrosyl residues result in the generation of dityrosine and protein-protein crosslinking through tyrosine-tyrosine binding, known as advanced oxidation protein products (AOPP), which can be found in several disease conditions such as atherosclerotic plaque and Alzheimer's disease [79] [80] [81] . Additionally, a variety of RNS such as ONOO 2 , NO, and •NO 2 can react with amino acid side chains such as tyrosine to form nitrogenated proteins (e.g., nitrotyrosine), which are also found in a wide range of human diseases [72] .
Resveratrol has been demonstrated to exhibit protective effect against protein oxidation mediated by ROS/RNS (Fig. 2) .
Exposure of human plasma to ONOO
2 results in the increase of nitrotyrosine and protein carbonyl amounts, which are suppressed in the presence of resveratrol [60] . Resveratrol also reduced the levels of CPO and AOPP under the oxidative stress induced by tert-butyl hydroperoxide (t-BHP) [82] . A clinical study has shown an age-dependent increase in plasma CPO and AOPP levels [75] . However, Pandey and Rizvi reported that trans-resveratrol protected erythrocytes from damage under the conditions of t-BHP-induced oxidative stress, as evidenced by the reduction of membrane protein carbonyls [83] . Additionally, oxidative stress-induced generation of carbonylated proteins in erythrocyte membrane from all age groups (young, middle-aged, and old groups) in humans was suppressed in the presence of resveratrol [68] . Moreover, the antioxidant properties of resveratrol are able to contribute to cellular proteostasis maintenance, as demonstrated by the attenuation of carbonylated proteins in copper-treated cells [84] . In a type 1 diabetic animal model, resveratrol diminished oxidative stress through decreased levels of superoxide anion and PCO in liver and spleen of streptozotocin-treated rats [85] .
Resveratrol and DNA oxidation
DNA is highly susceptible to oxidative/nitrosative damage by the presence of ROS/RNS. Oxidative attacks to DNA can cause base modifications, deoxyribose damage, single-or doublestrand breakage and DNA crosslinking [86] . Oxidative DNA damage with estimated frequency of 10 4 lesions/cell/days is a major source of mutation in living organisms and associated with a wide range of diseases such as neurodegenerative and cardiovascular diseases, cancer, and aging [72] . Pyrimidines containing C4-C5 double bond are the main targets of •OH attack, resulting in the generation of a variety of oxidative pyrimidine products such as thymine glycol, uracil glycol, urea residue, 5-hydroxydeoxyuridine, 5-hydroxydeoxycytidine, and hydantoin. The reaction of •OH with purines leads to generation of 8-hydroxydeoxyguanosine (8-OHdG), 8-hydroxydeoxyadenosine, formamidopyrimidines and other oxidative purine products [87] . In addition, the interaction of RNS with DNA can cause nitrative DNA damage through the formation of 8-nitroguanine [86] . Resveratrol has been demonstrated as a potential chemopreventive agent with anti-mutagenic and anticarcinogenic activity (Fig. 2) . Protection of DNA from oxidative damage and induction of DNA repair are the major mechanisms contributing to the chemopreventive properties of resveratrol. It has been shown that resveratrol treatment attenuates oxidative DNA damage in male and female stroke-prone spontaneously hypertensive rats, as indicated by decreased level of 8-OHdG [88] . Resveratrol lowers the DNA damage in liver and kidney cells of sepsis-induced rats possibly through preventing oxidative DNA strand breakages and activating DNA repair processes [89] . Resveratrol decreased the sepsis-induced DNA damage in the lymphocytes of Wistar albino rats, suggesting that resveratrol is likely to prevent septic-induced oxidative DNA damage [90] . Using an animal model of acrylamide-induced oxidative DNA damage, resveratrol has been indicated to decrease the oxidative modification of DNA, as evidenced by reduced level of 8-OHdG [91] . Preadministration of resveratrol ameliorated oxidative DNA damages by lowering DNA singleand double-strand breaks, urinary 8-OHdG level, and DNA fragmentation in cisplatin-treated mice through its inhibition against cisplatin-induced ROS generation [92] . In addition, resveratrol suppressed hydrogen peroxide-mediated induction of nitric oxide, nitric oxide synthase activity as well as nuclear and mitochondrial DNA damages in embryonic neural stem cells [93] . Similarly, resveratrol has been found to suppress ROS production and exhibit the protective effect against oxidative DNA damage in human lymphocytes and in other different cell lines [94] [95] [96] [97] . Chronic administration of ethanol can induce significant oxidative DNA damage in cerebellum, hippocampus, hypothalamus, and cortex, which can be prevented by oral pre-intake of resveratrol and grape seed procyanidins in mice, suggesting that direct antioxidant defense by resveratrol may protect brain against ethanol-induced genotoxicity [98] .
Indirect antioxidant defense mechanisms of resveratrol
Resveratrol and intracellular antioxidant defense systems
Redox homeostasis of the cells requires endogenous antioxidant defense systems, which include endogenous antioxidant enzymes such as catalase (CAT), glutathione peroxidase (GPx) and superoxide dismutase (SOD), and nonenzymatic compounds such as glutathione (GSH), protein -SH (thiol), coenzyme Q, and uric acid [14] . Among them, GSH is a major soluble nonprotein thiol antioxidant and is abundantly found in the cytosol (1-11 mM), nuclei (3-15 mM), and mitochondria (5-11 mM). GSH acts as a scavenger to directly remove hydroxyl radical and singlet oxygen and/or acts as a cofactor of several detoxification/antioxidant enzymes such as GPx (selenium dependent and independent) and glutathione S-transferase (GST), which participate in the elimination of hydrogen peroxide, lipid hydroperoxides and toxicants. GSH participates in the re-generation of important antioxidant such as vitamin C and E back to active forms through redox status of GSH/GSSG [10, 99] . Abolished GSH content can result in a weakened antioxidant defense in cells and tissues, causing enhanced oxidative stress and damage of many biomolecules associated with various pathogenesis [100] .
Resveratrol was shown to increase GSH content in hippocampal astrocytes from rats at different ages including newborn, adult, and aged rats [101] . Resveratrol exerted the protective effect against t-BHP-induced oxidative stress through increasing GSH level and membrane ASH groups content in erythrocytes [102] . Enhanced GSH content and SOD activity by resveratrol decreased the hydrogen peroxide-mediated apoptosis of human umbilical vein endothelial cells [103] . Similarly, resveratrol treatment exhibited neuroprotective effect against b-amyloid-induced oxidative stress by enhancing the intracellular GSH [104] . In addition, long-term intermittent hypoxiainduced hippocampal oxidative stress, oxidative damages of DNA and lipid, as well as increased NADPH oxidase p47 Phox subunit expression were inhibited by oral administration of resveratrol via increasing GSH content and GPx activity in the hippocampus of young rats [105] . Resveratrol administration also elevated the GSH level and thereby attenuating traumatic brain injury in rat models [106] . Resveratrol treatment restored GSH levels lowered by naphthalene in the lung, liver and kidney tissues in mice [107] .
Endogenous antioxidant enzymes including CAT, GPx, and SOD, constituent the primary part of enzymatic antioxidant defense system against oxidative stress via neutralizing ROS. SOD is a metalloenzyme that converts superoxide radical anion into a H 2 O 2 and an oxygen molecule. There are three types of SOD including copper-zinc-containing SOD (Cu/Zn-SOD or SOD1) present in cytosol, manganese-containing SOD (Mn-SOD or SOD2) found in the mitochondrial matrix and extracellular SOD (SOD3) [14] . CAT represents an enzyme decomposing H 2 O 2 to water before H 2 O 2 reacts with transition metal ions to generate hydroxyl radical. CAT is found at highest concentration in the liver, kidney and erythrocytes, where it is responsible for H 2 O 2 elimination. GPx is a seleniumcontaining enzyme that catalyzes the reduction of both H 2 O 2 and organic hydroperoxides to water or corresponding alcohols. This process is performed by the converting two GSH molecules to its oxidized form (GSSG), which is reduced to GSH by the action of glutathione reductase (GR) [14, 72] . Both GPx and GR take part in the regulating equivalence of reduced GSH and oxidized GSSG, and the ratio of GSH/GSSG is considered as an index of oxidative stress or balance.
Many evidences have shown the role of resveratrol in elevating activity of these antioxidant enzymes. Long-term exposure of resveratrol to human cells dramatically induced mitochondrial expression and activity of Mn-SOD (SOD2) [108] . Similarly, resveratrol was found to up-regulate both the expression and activity of SOD2 in PC-3, HepG2 and MCF-2 cells [109] . Resveratrol treatment also increased protein expression of CAT and GPx but not SOD in rat aortic segments [110] . Resveratrol displayed hepatoprotective effect against ethanol-induced oxidative stress through inhibiting ROS accumulation as well as inducing expression and activity of SOD1 in HepG2 cells and in C57BL/6J mice [111] . Similarly, dietary supplementation of resveratrol increased the hepatic antioxidant enzymes including CAT, SOD and GPx, and thereby preventing liver oxidative damage induced by chronic ethanol administration in rats [70] . In a STZ-induced diabetic rats, resveratrol administration showed protection against oxidative stress-induced hepatic and renal damages through restoring activity of CAT and SOD [69] . Increased protein expression and activity of GPx and SOD also contributed to the antioxidant activity of resveratrol in brain of STZ-induced diabetic rats [112] . Additionally, the up-regulation of mitochondrial SOD2 is an important mechanism of resveratrol in protection of neuronal cells against apoptosis induced by mitochondrial oxidative stress [113] . Enhancement of CAT and SOD activity as well as extracellular GSH content by resveratrol was observed in H 2 O 2 -induced C6 astrocyte cells [114] . Resveratrol treatment improved the DSS-induced oxidative damage in colon through increasing activity of GPx and SOD and inhibiting NADPH oxidase-mediated ROS production as reflected by down-regulation of p22 phox and gp91 phox proteins expression [115] . Resveratrol pretreatment led to a reduction of xanthine oxidase/xanthine-induced intracellular ROS production as well as induction of GSH content and activity of CAT, SOD, GPx and GR in cardiac H9C2 cells [116] .
Antioxidant defense mechanisms of resveratrol through regulation of signaling pathways
4.2.1. Resveratrol and sirtuin 1 (SIRT1) pathway. SIRT1 is a member of the mammalian sirtuins (SIRT1-7), a family of NAD 1 -dependent deacetylase, which plays an important role in many biological processes including metabolism, development, cell survival, and aging. SIRT1 can modulate a variety of histones and non-histone proteins such as p53, sterol regulatory element-binding proteins, forkhead box O (FOXO), nuclear factor-kappa B (NF-jB), and proliferator-activated receptor gamma coactivator 1a (PGC-1a), resulting in the modification of expression of numerous genes involved in apoptosis, DNA repair, oxidative stress resistance, antiaging processes, and lipid metabolism [117] . Resveratrol has been indicated to exhibited antioxidant properties in a SIRT1-dependent manner (Fig. 4) . Resveratrol may indirectly activate SIRT1 through multistep AMP-activated protein kinase (AMPK)-dependent mechanisms. It directly inhibits cyclic AMP-degrading phosphodiesterases (PDEs), leading to increase in cAMP levels. Epac1, a cAMP effector protein, is considered as a key mediator of the effects of resveratrol, which leads to activation of AMPK pathway. As a consequence, resveratrol elevates NAD 1 production, a co-substrate of SIRT1, through stimulating AMPK-mediated expression of nicotinamide phosphoribosyltransferase (NAMPT), thereby increasing SIRT1 activity [118] . In addition, resveratrol also increases deacetylase activity of SIRT1 by enhancing the binding of SIRT1 to lamin A, a protein activator of SIRT1 [119] . SIRT1 also controls the cellular response to stress through the regulation of FOXO transcription factors such as FOXO1, FOXO3a, and FOXO4, which directly up-regulate the expression of antioxidant enzymes such as CAT, Mn-SOD, and thioredoxin (Trx) [120] . PGC-1a characterized as a major regulator of glucose homeostasis, lipid catabolism, mitochondrial biogenesis and mitochondrial functions, also suppresses ROS production by the induction of ROS neutralizing enzymes [121] . Enhanced PGC-1a-mediated expression of mitochondrial antioxidant defense enzymes has been indicated to reduce ROS accumulation and apoptotic call death in vascular endothelial cells [122] . Moreover, it has been demonstrated that FOXO3a and PGC-1a directly interact to regulate protective genes against oxidative stress in the endothelial cells [123] . Importantly, SIRT1 deacetylates both FOXO3a and PGC-1a in response to oxidative stress, promotes the formation and stability of the FOXO3a/PGC-1a transcriptional complex, thus increasing the expression of antioxidant enzymes and ROS elimination [124] . Resveratrol treatment increased SOD2 expression and cellular GHS content and attenuated mitochondria ROS production possibly through activating SIRT1 in the Antioxidant mechanisms of resveratrol via regulation of signaling pathways. PDEs: Phosphodiesterases; AMPK: AMP-activated protein kinase; SIRT1: sirtuin 1; FOXOs: forkhead box O; PGC-1a: proliferator-activated receptor-gama coactivator 1 alpha; NFjB: nuclear factor kappa B; Nrf2: nuclear factor erythroid 2-related factor 2; SOD: superoxide dismutase; CAT: catalase; GPx: glutathione peroxidase; iNOS: inducible nitric oxide synthase; COX-2: cyclooxygenase-2; NOXs: NADPH oxidases; LOXs: lipoxygenases; HO-1: heme oxygenase-1; NQO1: NADPH:quinone oxidoreductase 1; GST: glutathione transferase; GCLC: glutamate cysteine ligase. Resveratrol can activate the SIRT1 as well as Nrf2 pathways and inhibit NF-jB, thereby enhancing cellular antioxidant defense systems.
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coronary arterial endothelial cells [125] . Resveratrol treatment led to up-regulation of several antioxidant enzymes including SOD1, SOD2, GPx1, and CAT and down-regulation of NADPH oxidase NOX2 and NOX4, contributing to the reduction of superoxide and oxidative damage levels in apolipoprotein E knockout mice [126] . It has been demonstrated that SIRT1 enhances FOXO1 transcriptional activity, which is essential for induction of SOD2 and Trx expressions and suppression of oxidative stress, and plays important role in protection of heart from ischemia/reperfusion-induced oxidative damages [127] . AMPK-mediated FOXO1 activation by resveratrol resulted in the expression of antioxidant enzymes SOD2 and CAT [128] . Additionally, transcription factors FOXO3a and FOXO4, targets of SIRT1, have been involved in the resveratrol-dependent induction of antioxidant enzymes such as SOD2 and CAT [129] [130] [131] [132] . The AMPK/SIRT1/FOXO3 axis-mediated expression of SOD2 and CAT by resveratrol contributed to the prevention of oxidative stress-induced senescence and proliferative dysfunction in cultured primary human keratinocytes [133] . Along with FOXOs transcription factor, the interaction of SIRT1 with PGC-1a leads to enhanced cell metabolism, mitochondrial biogenesis and oxidative stress resistance through the elevation of PGC-1a-dependent target genes. The SIRT1 activation of by resveratrol may stimulate PGC-1a-mediated antioxidant enzymes such as SOD2 and CAT and therefore protecting cells from oxidative damage and maintaining redox homeostasis.
Full transcriptional activity of NF-jB requires posttranslational modification of RelA (p65) through phosphorylation and acetylation. Some serine/threonine protein kinase that phosphorylate RelA at several phosphoregulatory sites along with histone acetyltransferases that catalyze RelA acetylation, primarily at three lysine residues including Rel K218, K221, and K310, contribute to enhancing NF-jB activity. In addition, histone-H3 and -H4 acetylation in the regions surrounding and within the promoter of NF-jB-regulated target genes is essential for transcriptional activity of NF-jB [134] . Recently, SIRT1 activation has been reported to negatively regulate NF-jB pathway; it deacetylates RelA/p65 subunit of NF-jB, thereby inhibiting transcriptional activity of NF-jB and preventing the induction of its target genes [135] . Resveratrol attenuated the expression of NF-jB-dependent pro-inflammatory factors such as inducible nitric oxide synthase (iNOS), interleukin (IL)-6, intercellular adhesion molecule 1 (ICAM-1) and vascular cell adhesion molecule (VCAM) possibly via SIRT1 activation in the TNF-a-treated human coronary arterial endothelial cells [136] . Cigarette smoke extract exposure resulted in ROS production, NF-jB activation, up-regulation of inflammatory factors such as iNOS, ICAM-1, IL-6, and TNF-a, DNA damage, and apoptosis in rat arteries and cultured coronary arterial endothelial cells, which were attenuated by resveratrol treatment. These effects of resveratrol were abolished by knockdown SIRT1, whereas overexpression of SIRT1 produced similar effects to resveratrol treatment. Therefore, resveratrol exhibits antioxidant, antiinflammatory, and antiapoptotic properties possibly through activating SIRT1 activity and thus protecting endothelial cells against cigarette smoking-induced oxidative stress [137] . Similarly, resveratrol treatment suppressed the cigarette smoke extract-mediated NF-jB activation as well as proinflammatory cytokine release through the activation of SIRT1, which interacts and deacetylates the RelA/p65 subunit of NF-jB, leading to decreased transcriptional activation of NF-jB in inflammatory macrophages and rat lungs [138] .
4.2.2.
Resveratrol and Nrf2 pathway. Nuclear factor-erythroid 2-related factor 2 (Nrf2), a transcription factor, plays a crucial role in transcriptional regulation of antioxidant response element (ARE)-dependent defense genes. Under physiological conditions, Nrf2 interacts with the repressor Kelch-like ECH-associated protein 1 (Keap1) as an inactive Nrf2-Keap1 complex, subsequently facilitating Nrf2 degradation. Upon exposure of stimuli, Nrf2 splits from Keap1 and translocate into nucleus, where it heterodimerizes with a small musculo-aponeurotic fibrosarcoma protein to bind to ARE, leading to enhanced expression of phase II detoxifying/antioxidant enzymes [139, 140] . Nrf2-mediated proteins are responsible for reduction of ROS/RNS and elimination of harmful exo/endogenous substances. Redox homeostasis proteins participates in reducing ROS/RNS, including thioredoxin reductase (TrxR), glutamate cysteine ligase (GCL), and heme oxygenase-1 (HO-1), while the phase II detoxification enzymes such as NAD(P)H:-quinone oxidoreductase 1 (NQO1), GST, and UDPglucuronosyltransferase are responsible for metabolizing and facilitating removal of xenobiotics [140, 141] . Therefore, activation of Nrf2 signaling pathway is regarded as one of the most important mechanisms contributing to redox balancing and removal of toxic xenobiotics. Resveratrol is reported to protect neuronal cells from oxidative stress via the induction of Nrf2/ ARE signaling pathway-mediated HO-1 expression [142, 143] (Fig. 4) . Resveratrol administration prevented ethanol-induced apoptosis by scavenging ROS in the external granule layer of the cerebellum and inducing Nrf2 translocation into nucleus in a postnatal day 7 rat model of fetal alcohol spectrum disorders [144] . Resveratrol also enhanced GSH biosynthesis by upregulation of GCL protein expression through the induction of Nrf2, and protected lung epithelial cells against cigarette smoke-induced oxidative damage [145] . Nrf2-mediated up-regulation of NQO1 and HO-1 by resveratrol in in endothelial cells has been reported to contribute to the vasculoprotective properties of resveratrol [110, 146] , whereas the endothelial protective effect of resveratrol is abolished in high fat diet-fed Nrf2-knockout mice [146] .
4.2.3.
Resveratrol and NF-jB pathway. NF-jB is a redoxsensitive transcription factor regulating a wide range of genes involved in cell survival, differentiation, inflammation and apoptosis. Under normal physiological conditions, NF-jB is inactive in the cytoplasm by its interaction with the inhibitory IjB protein. Under stimulation conditions, however, IjB kinase (IKK) complex consisting of IKKa/b/c is recruited and activated to facilitate IjBa phosphorylation at serines 32 and 36, resulting in IjBa ubiquitination and subsequent degradation. The liberation of NF-jB from the inhibitor complex by the phosphorylation of IjBa allows it translocate to the nucleus where it can bind to jB sites and transcriptionally activate its target genes [147] [148] [149] . ROS/RNS have been believed to able to activate NF-jB signaling pathway in a variety of manners [147] . Some target genes of NF-jB pathway such as iNOS, cyclooxygenase-2 (COX-2), arachidonate 12-lipoxygenase (LOX-12), arachidonate 5-lipoxygenase (LOX-5), xanthine oxidoreductase, and NADPH oxidase NOX2 (gp91 phox ) also promote ROS/RNS production. Resveratrol protects UVB-radiated skin cells and tissues through suppressing the activation of IKKa and phosphorylation and degradation of IjBa as well as through inhibiting COX-2 and ornithine decarboxylase activities [150, 151] . Diabetes-related hyperglycemia can induce oxidative stress via several pathways that converge to activate the NF-jB pathway, which in turn promotes the production of pro-inflammatory mediators/ cytokines, oxidative stress, and apoptosis [152, 153] . Resveratrol was demonstrated to improve diabetes by inhibiting oxidative/nitrosative stress, pro-inflammatory mediators/cytokines, and apoptosis through suppression of NF-jB signaling pathway [154] [155] [156] . Resveratrol prevented ocular inflammation in endotoxin-induced uveitis through the inhibition of oxidative damage and redox-sensitive NF-jB pathway [157] . Additionally, four months oral administration of resveratrol reduced oxidative stress as well as oxidative damage and NF-jB activity, contributing to prevention of diabetic retinopathy [158] . It has been shown that resveratrol may inhibit protein degradation through suppressing IKK/NF-jB activation, which is responsible for regulation of key genes of the ubiquitin-proteasome proteolytic pathway in skeletal muscle [159] [160] [161] . Oxidative stress caused by ischemia and reperfusion led to enhanced lipid peroxidation, carbonyl, and protein sulphydryl levels, which were attenuated by resveratrol, suggesting protective effect of resveratrol against oxidative injury in skeletal muscle [162, 163] . Resveratrol was also found to reduce NO production and iNOS expression through the blockade of IjBa/NF-jB signaling pathway in lipopolysaccharide-induced RAW 264.7 cells [164] . Similarly, the induction of NF-jB-mediated NO generation as well as iNOS expression in hepatocytes during inflammation was suppressed in the presence of resveratrol [165] (Fig. 4) .
Conclusion
Resveratrol exhibits a wide range of pharmacological activities including cellular defensive actions against oxidative stress. The cellular defense by resveratrol could be achieved at least in part by its ability as a direct antioxidant and an indirect inducer of cellular antioxidant system. Resveratrol is able to scavenge both primary ROS/RNS and secondary organic radicals based on HAT and SPLET mechanisms. In addition, resveratrol also modulate several cellular antioxidant pathways, thereby balancing cellular redox status. The present review provides mechanisms and evidences for these antioxidant properties of resveratrol, which contributes to the protective effects of resveratrol against oxidative damages in in vitro models as well as in several acute and chronic disease models. However, information on bioavailability and antioxidant mechanisms of resveratrol in human are limited. Further clinical studies are essential to clarify the role of resveratrol in the prevention of oxidative stress-caused diseases and to suggest suitable resveratrol concentrations to bring efficacy in human.
